Liquid-liquid phase separation (LLPS) of proteins and RNAs has emerged as the driving force underlying the formation of membrane-less organelles. Such biomolecular condensates have various biological functions and have been linked to disease. One of the best studied proteins undergoing LLPS is Fused in Sarcoma (FUS), a predominantly nuclear RNA-binding protein. Mutations in FUS have been causally linked to Amyotrophic Lateral Sclerosis (ALS), an adult-onset motor neuron disease, and LLPS followed by aggregation of cytoplasmic FUS has been proposed to be a crucial disease mechanism. In spite of this, it is currently unclear how LLPS impacts the behaviour of FUS in cells, e.g. its interactome. In order to study the consequences of LLPS on FUS and its interaction partners, we developed a method that allows for the purification of phase separated FUS-containing droplets from cell lysates. We observe substantial alterations in the interactome of FUS, depending on its biophysical state. While non-phase separated FUS interacts mainly with its well-known interaction partners involved in pre-mRNA processing, phase-separated FUS predominantly binds to proteins involved in chromatin remodelling and DNA damage repair. Interestingly, factors with function in mitochondria are strongly enriched with phase-separated FUS, providing a potential explanation for early changes in mitochondrial gene expression observed in mouse models of ALS-FUS. In summary, we present a methodology that allows to investigate the interactome of phase-separating proteins and provide evidence that LLPS strongly shapes the FUS interactome with important implications for function and disease.
Introduction
The biophysical process of liquid-liquid phase separation (LLPS) has drawn considerable attention over the last couple of years. Indeed, the regulators as well as the biophysical driving forces of LLPS are only just beginning to be understood. LLPS was not only reported to be important for the formation of various membraneless organelles such as nucleoli, P-bodies and stress granules, but also has been implicated in various diseases (Alberti and Carra, 2018; Alberti and Dormann, 2019; Boeynaems et al., 2018) . One of the best studied proteins that undergoes LLPS in vitro and in vivo is Fused in Sarcoma (FUS) (Hofweber et al., 2018; Kang et al., 2019; Kato et al., 2012; Monahan et al., 2017; Murray et al., 2017; Patel et al., 2015; Schwartz et al., 2013) . FUS is an ubiquitously expressed RNA-binding protein that has been implicated in diverse RNA metabolic pathways, such as transcription, pre-mRNA splicing and miRNA processing (Meissner et al., 2003; Raczynska et al., 2015; Reber et al., 2016; Schwartz et al., 2012; Yu and Reed, 2015; Zhang et al., 2018) . In 2009, mutations in FUS were shown to be causative for Amyotrophic Lateral Sclerosis (ALS) (Kwiatkowski et al., 2009; Vance et al., 2009) . ALS is the most common motor neuron disease in human adults and is characterised by a progressive loss of upper and lower motor neurons, causing paralysis and ultimately leading to death (Cleveland and Rothstein, 2001) . Most ALS mutations in FUS disrupt its C-terminal nuclear localisation signal (NLS), leading to cytoplasmic mislocalisation and aggregation of FUS in neurons and glial cells of affected individuals, a pathological hallmark of FUS-ALS (Dormann et al., 2010; Ling et al., 2013) . Several recently published mouse models indicate a toxic gain of FUS function in the cytoplasm (Devoy et al., 2017; Scekic-Zahirovic et al., 2016; Sharma et al., 2016) . Noteworthy, recruitment of FUS into phase-separated RNP granules, e.g. stress granules , followed by aggregation has been proposed to drive disease (Alberti and Hyman Anthony, 2016; Wolozin and Ivanov, 2019) .
Due to the current lack of tools to study membraneless organelles (Tang, 2019) , LLPS-dependent FUS interactions are unknown and it is unclear how cytoplasmic FUS exerts its toxic function(s). Furthermore, it is also unknown if and how phase separation contributes to FUS function. Aiming to better understand functional consequences of FUS phase separation and to identify FUS interactors under LLPS conditions, we developed a method that allows for the purification of phase-separated FUS together with its associated proteins and RNAs and compared these interactors to FUS interactors that were purified under non-LLPS conditions. We observed distinct interaction patterns depending on the biophysical state of FUS. Whereas FUS binds predominantly to factors involved in RNA processing under non-LLPS conditions, phase separated FUS preferably binds to proteins involved in chromatin remodeling, DNA damage response and proteins with functions in mitochondria. Furthermore, our data suggest that LLPS in different cellular compartments has different functions. While phase separation is required for binding of FUS to chromatin and for at least some of its functions in the nucleus, LLPS in the cytoplasm appears not to be required for FUS toxicity. Possibly, phase separation followed by aggregation might be the pathway through which cells cope with increased cytoplasmic FUS in order to reduce the concentration of soluble FUS and its deleterious function(s). In summary, our method provides new insights into how LLPS affects FUS interaction partners and function. Notably, this method should be applicable to other proteins that undergo LLPS and allows to address the importance of LLPS on their function and interactome.
Results

Determining the liquid-liquid phase separation dependent FUS interactome
In order to determine which protein and RNA species interact with FUS under LLPS conditions, we developed a novel approach which allows for the purification of phase separated FUS from cell lysates (summarised in Fig. 1a ). Enhanced green fluorescent protein (eGFP)-tagged wild type FUS or FUS harbouring the ALS-associated mutation P525L, which disrupts the function of the C-terminal NLS (Dormann et al., 2010) , were transiently expressed in HEK293T cells (Fig. 1b) . After cell lysis, the volume of the lysate was reduced to approximately half of its original volume. This volume reduction resulted in the formation of eGFP-FUS-containing droplets within the cell lysate, which can be visualised by fluorescence microscopy ( Supplementary Fig. 1a ). To stabilise these FUS-droplets, the sample was treated with the reversible crosslinker formaldehyde. Thereafter, FUS-droplets were stable enough to be analysed by flow cytometry (Supplementary Fig. 1b ) and to be sorted by fluorescence activated particle sorting ( Supplementary Fig. 1c ). To address which protein and RNA species interact with FUS under non-LLPS conditions, a regular co-immunoprecipitation (co-IP) was performed using nanobodies against eGFP. As phase separation of FUS is highly dependent on FUS concentration (Patel et al., 2015;  mRNA processing were enriched much more significantly in the non-LLPS FUS interactome compared to the LLPS-specific FUS interactome ( Supplementary Fig. 4a ).
To validate the proteins detected by mass spectrometry, we performed western blot analysis of proteins involved in RNA splicing, chromatin remodelling and DNA damage repair and factors with functions in mitochondria ( Fig. 2c ). While some proteins showed the same binding to FUS regardless of LLPS, such as hnRNP H and hnRNP A1, others showed a clear preference for either LLPS or non-LLPS conditions. Consistent with the mass spec data ( Supplementary Table 1 ), proteins involved in mRNA splicing were co-purified with FUS independent of its biophysical state. Nonetheless, they seemed to interact with FUS preferentially under non-LLPS conditions. Furthermore, proteins involved in chromatin remodelling and DNA damage response as well as mitochondrial proteins were almost exclusively detectable together with phase-separated FUS. Interestingly, nuclear FUS granules have already been reported to associate with RNA polymerase II (RNA Pol II) and the N-terminus of FUS, which can phase-separate and is also the transcriptional activator domain of FUS-CHOP and FUS-ERG fusion proteins observed in cancer, is sufficient to target the SWI/SNF chromatin remodelling complex (Burke et al., 2015; Kato et al., 2012; Linden et al., 2019; Prasad et al., 1994; Thompson et al., 2018; Zinszner et al., 1994) . Moreover, chromatin remodelling is an important aspect of DNA damage response and FUS granules have already been reported at sites of DNA damage (Patel et al., 2015) . Therefore, it makes sense that proteins involved in DNA damage response were specifically enriched with phase separated FUS. Strikingly, we also detected the members of cleavage factor I (CFIm) in our LLPS FUS interactome. Besides its function in mRNA 3'-end processing, CFIm has been linked to chromatin remodelling (Yu et al., 2018) .
The most unexpected and at the same time prominent LLPS-dependent FUS interactors were proteins with function in mitochondria. Although cytoplasmic FUS was previously reported to interact with mitochondria (Deng et al., 2015) , it was surprising that mitochondrial proteins formed the top GO term in the LLPS-specific FUS interactome ( Supplementary Fig. 4a ). Intriguingly, it has previously been reported that dysregulation in mitochondrial gene expression occurs at the initial disease stage in 'FUSDelta14' knockin mice, which heterozygously express FUS carrying a C-terminal frameshift mutation and hence deleted NLS (Devoy et al., 2017) . To assess if mitochondrial protein levels are affected at an early, pre-symptomatic stage in the 'FUSDelta14' mouse model ( Fig. 2d and e), we quantified proteins isolated from spinal cord sections of pre-symptomatic mice by western blotting ( Fig. 2f and g) normalizing to total protein levels in each sample ( Supplementary Fig. 4b ). While proteins involved in RNA processing, DNA damage repair and chromatin remodelling appeared unchanged ( Supplementary Fig. 4c ), several mitochondrial proteins were dysregulated in the 'FUSDelta14' knockin mice. Of note, this was not due a general change of mitochondrial homeostasis, as other mitochondrial proteins remained unaffected ( Supplementary Fig. 4d ). These data suggest that phase separation increases the affinity of FUS towards mitochondria in the cytoplasm, potentially increasing the local FUS concentration around mitochondria, resulting in deleterious effects.
FUS has a different RNA interactome depending on its biophysical state
While mRNAs were the most abundant RNAs associated with either FUS droplets (LLPS conditions) or non-phase separated FUS (co-IP) ( Fig. 3a-c) , the most prominently enriched RNA species co-purified with FUS under both conditions were U snRNAs ( Fig. 3d and e ). U snRNAs are the RNA components of small nuclear ribonuclear particles (snRNPs) and are responsible for recognition and removal of introns from pre-mRNAs during splicing (Jutzi et al., 2018) . Although this enrichment could be expected for RNAs co-purified with non-phase separated FUS, as proteins involved in pre-mRNA splicing are also strongly enriched under non-LLPS conditions, the strong enrichment of snRNAs together with phaseseparated FUS was rather surprising, as snRNP protein components are not significantly enriched together with LLPS FUS. Interestingly, cytoplasmic FUS granules have been previously reported to mislocalize U snRNAs (Gerbino et al., 2013; Reber et al., 2016) . Indeed, we could detect U1 and U11 snRNAs together with ALS-linked FUS-P525L in the cytoplasm, whereas U1 snRNP specific proteins remained nuclear ( Fig. 3g ). Together, this data suggests that phase separated FUS binds preferentially to naked snRNAs, while non-phase separated FUS binds mainly to fully assembled snRNPs and functions in splicing. Indeed, we and others have already shown that FUS contacts both the major (U2type) and minor (U12-type) spliceosome to regulate splicing of specific introns (Reber et al., 2016; Sun et al., 2015; Yu and Reed, 2015) . Finally, the biggest difference between the two purification experiments was the strong enrichment of mitochondrial ribosomal RNAs (MtrRNAs) (Fig. 2f ), which were strongly deriched in the non-LLPS condition, but clearly enriched in the LLPS condition. Importantly, this is consistent with the proteomic data, where we detected high levels of mitochondrial proteins purified together with FUS droplets, but not in the co-IP condition.
LLPS is required for the association of FUS with chromatin and its function in autoregulation
In order to assess the importance of FUS LLPS for FUS function, we created an N-terminally FLAGtagged FUS construct and substituted 27 tyrosines in the N-terminal prion-like domain (PLD) with serines (PLD27YS FUS). The aromatic ring structures of the tyrosines in the FUS PLD were previously shown to drive LLPS through inter-and intermolecular cation-π interactions with positively charged amino acid side chains (Qamar et al., 2018; Wang et al., 2018) . Mutating these tyrosines to serines abolishes phase separation in vitro and in vivo (Kato et al., 2012; Wang et al., 2018) . Strikingly, PLD27YS FUS showed slightly increased cytoplasmic localization compared to wild type FUS ( Fig. 4a , first two rows). This suggests that besides the C-terminal NLS of FUS, also the N-terminus contributes to nuclear localization of FUS at steady state, possibly through phase-separation-dependent nuclear interactions of FUS. Indeed, it was previously reported that the N-terminus of FUS is required for binding of FUS to chromatin (Yang et al., 2014) , where FUS localises to granules and regulates gene expression in a transcription-dependent manner. Moreover, inhibition of transcription leads to cytoplasmic relocalisation of FUS, suggesting that active transcription tethers FUS to newly synthesized RNA bound to chromatin (Patel et al., 2015; Thompson et al., 2018; Zinszner et al., 1994) . This is consistent with the recent finding that FUS leaves the nucleus through passive diffusion . If LLPS is indeed required for FUS binding to chromatin, one would expect more FUS diffusing from the nucleus to the cytoplasm if phase separation is inhibited. To be able to study the importance of LLPS for FUS function in the nucleus and to exclude that a loss of function is not due to FUS mislocalisation, we generated a phase separation-deficient FUS construct with an additional strong SV40 NLS to ensure nuclear localization (Fig 4a, last row) . To investigate the importance of LLPS for the ability of FUS to bind to chromatin, we transiently expressed wild type and LLPS-deficient FUS in HEK293T cells, followed by a cytoplasmic/nucleoplasmic vs chromatin biochemical fractionation. Indeed, LLPSdeficient FUS hardly interacted with chromatin compared to the wild type FUS ( Fig. 4b and c ), indicating that phase separation is required for FUS function in co-transcriptional gene expression.
To test if LLPS-deficient FUS is still functional, we made use of two previously established assays for FUS function. First, we tested if PLD27YS FUS is still capable of autoregulating endogenous FUS mRNA levels when transiently transfected into HeLa cells (Loughlin et al., 2019) . While wild type FUS autoregulated endogenous FUS mRNA levels, LLPS-deficient FUS had no effect on endogenous FUS mRNA levels (Fig 4d and e ). Importantly, this was not due cytoplasmic mislocalisation of PLD27YS FUS as the addition of the SV40 NLS did not rescue FUS function in autoregulation ( Fig. 4d and e ). Next, we used the minor (also referred to as U12-type) intron containing SCN4A minigene, which requires FUS for efficient splicing (Reber et al., 2016) . If cells are depleted of FUS, splicing of the SCN4A minigene becomes less efficient and this effect can be rescued by transient expression of RNAi-resistant FUS. Surprisingly, LLPS-deficient FUS was still able to promote efficient splicing (Fig 4f and g) , even though it was unable to autoregulate. While PLD27YS FUS was only partially active, PLD27YS FUS harbouring the additional SV40 NLS fully rescued splicing of the SCN4A minigene. This difference presumably occurs due to the partial cytoplasmic mislocalisation of PLD27YS FUS, which is rescued upon the addition of an additional NLS. Importantly, these differences did not emerge from differences in knockdown efficiencies of endogenous FUS, which are identical between the experimental conditions ( Fig. 4h ). The capability of LLPS-deficient FUS to promote splicing is in line with our observation that non-phase-separated FUS preferentially interacts with proteins involved in RNA splicing, indicating that phase separation is not necessary for FUS function in splicing.
LLPS is not required for FUS toxicity in the cytoplasm
Proteins with functions in mitochondria were highly enriched in our LLPS-dependent FUS interactome. Besides our observation that mitochondrial proteins were already dysregulated in pre-symptomatic ALS-FUS mice, others reported that cytoplasmic FUS has deleterious effects on mitochondria leading to apoptosis (Cha et al., 2019; Deng et al., 2015; Stoica et al., 2016) . Therefore, we examined the impact of LLPS on FUS-mediated toxicity via mitochondria. We transiently expressed FLAG-tagged wild type FUS, P525L FUS and LLPS-deficient P525L FUS in HEK293T cells using the previously introduced PLD27YS mutant. To assess FUS toxicity, we measured the release of cytochrome c from mitochondria to the cytoplasm, a key step during the mitochondrial apoptotic pathway (Wang and Youle, 2009 ), by performing mitochondrial versus cytoplasmic biochemical fractionations. To exclude potential toxic effects of the transfection reagent used for this experiment, untreated cells were compared to mock transfected cells, excluding a toxic effect of the transfection reagent ( Supplementary Fig. 5a and b). As expected, overexpression of either wild type or P525L FUS caused toxicity ( Fig. 5a and b ), in line with previous studies reporting that overexpression of FUS has deleterious effects in different models (Lindstrom and Liu, 2018; Mitchell et al., 2013; Sabatelli et al., 2013; Steyaert et al., 2018) . Interestingly, LLPS-deficient cytosolic FUS also exhibited a toxic effect, suggesting that phase separation is not required for FUS toxicity.
As FUS aggregates were suggested to exert a toxic function, we compared the solubility of LLPScompetent and LLPS-deficient FUS. To this end, half of the cells transfected for the mitochondrial/cytoplasmic fractionation were subjected to a RIPA soluble/insoluble biochemical fractionation experiment. As previously reported (Coady and Manley, 2015) , ALS mutant cytoplasmic FUS exhibited reduced solubility compared to wild type FUS ( Fig. 5c and d) . Interestingly, LLPS-deficient cytoplasmic FUS was more soluble than both wild type and cytoplasmic LLPS-competent FUS. Indeed, it was already shown, using purified FUS protein in vitro, that phase separation precedes the formation of insoluble aggregates (Patel et al., 2015) . Our data strongly suggests that also in more complex environments, such as cell systems and in vivo, phase separation is involved in the formation of insoluble FUS aggregates, and therefore may be the mechanism by which FUS aggregates observed in post-mortem tissue of ALS-FUS patients are formed.
It has been postulated that recruitment of FUS to stress granules (SGs) may be the driving force in the processes from cytoplasmic mislocalisation to insoluble aggregation (Dormann et al., 2010; Ling et al., 2013) . Indeed, SGs are phase separated cytoplasmic compartments (Hyman et al., 2014) , and various studies reported FUS localization to SGs (Bosco et al., 2010; Dormann et al., 2010; Hock et al., 2018; Matus et al., 2014) . In order to investigate the effect of LLPS on SG recruitment of FUS, we transiently transfected HEK393T cells with the constructs described above and induced oxidative stress using sodium arsenite, which was reported to efficiently recruit cytoplasmic, but not nuclear FUS, to SGs (Bentmann et al., 2012; Bosco et al., 2010; Dormann et al., 2010; Hock et al., 2018) . As an additional control, FLAG-eGFP was transfected. As expected, cytoplasmic P525L FUS robustly localized to arsenite induced SGs together with the stress granule marker TIAR-1 ( Fig. 5e ). Notably, even under unstressed conditions, P525L FUS containing stress granules were detectable in some cells, presumably due to stress induced through P525L FUS overexpression or reduced chaperoning of FUS-P525L by TNPO1 (Hofweber et al., 2018) and hence enhanced SG recruitment. Furthermore, some wild type FUS expressing cells showed co-localization of FUS together with stress granule markers under stress, likely due to the very high FUS levels leading to cytoplasmic FUS in these cells. Strikingly, cells expressing LLPS-deficient FLAG-FUS PLD27YS P525L did not (or to a very low extent) form stress granules under oxidative stress, in contrast to neighbouring non-transfected cells that form stress granules normally ( Fig. 5e ).
It is known that stress granule formation does not require FUS (Aulas et al., 2012) . To exclude the possibility that LLPS-deficient FUS only prevents TIAR-1 from being recruited to stress granules, but not stress granule formation per se, we performed the same experiment with immunostaining for G3BP1, another well-defined stress granule marker (Aulas et al., 2012) . As observed for TIAR-1, also G3BP1 wasn't recruited to SGs during oxidative stress if LLPS-deficient FUS was present, whereas it colocalized to stress granules with LLPS-competent P525L FUS ( Supplementary Fig. 5c ). To further exclude that this behaviour is specific to arsenite-induced oxidative stress, we also applied osmotic stress to HEK293T cells transiently expressing the aforementioned FUS constructs using D-sorbitol. Consistent with the oxidative stress condition, LLPS-deficient FUS also prevented the formation of stress granules under osmotic stress ( Supplementary Fig. 5d ). There are two possible explanations for this behaviour: Either LLPS-deficient FUS protects cells from oxidative and osmotic stress, or LLPSdeficient FUS prevents stress granule formation through sequestration of factors required for this process. Although the first possibility cannot be excluded at this point it seems rather unlikely, especially since LLPS-deficient FUS is at least as toxic as LLPS-competent FUS in our experiments. Interestingly, we (this study, see Fig. 2 (PARP1) and Supplementary Table 1 ) and others (Blokhuis et al., 2016; Bosco et al., 2010; Kamelgarn et al., 2016; Sun et al., 2015) reported interactions between FUS and different stress granule markers. Hence, it is conceivable that LLPS-deficient FUS sequesters factors required for the formation of stress granules and thus prevents the formation of stress granules during stress. In summary, we provide evidence that LLPS and aggregation of FUS are not required for FUS toxicity on mitochondria. Nonetheless, LLPS seems to be important for the recruitment of FUS to stress granules and potentially proceeding to formation of insoluble FUS.
Discussion
In this study, we describe a new method that allows for the purification of liquid-liquid phase separated proteins combining chemical crosslinking with fluorescence activated particle sorting. This approach allowed us to identify new and validate previously reported FUS interactors. Furthermore, we show that LLPS changes the FUS interactome, presumably due to different affinities of FUS to its interactors depending on its biophysical state. Nevertheless, many FUS interactors are detected under both conditions but show a clear preference for either dispersed/soluble or phase separated FUS.. Importantly, several proteins enriched with phase separated FUS, such as DDX3X, DHX9, FMR1, TIAR-1 and SMN1 (compare Supplementary Table 1) , have already been observed by others to co-localize with FUS into cytoplasmic granules (Blokhuis et al., 2016; Bosco et al., 2010; Groen et al., 2013; Kamelgarn et al., 2016) . Moreover, proteins found in nuclear granules, specifically paraspeckles (Shelkovnikova et al., 2014) and transcription-dependent granules containing FUS and RNA Pol II (Thompson et al., 2018) are highly enriched under LLPS conditions compared to non-LLPS conditions (compare data in Supplementary Table 1 ).
We identified factors involved in chromatin remodelling and DNA damage repair to be the most prominent nuclear protein families binding with high preference to LLPS FUS. Interestingly, numerous recent studies reported that transcription factors recruit the mediator coactivator complex through phase separation using their activation domains leading to recruitment of RNA Pol II binding RNA Pol II C-terminal domain (CTD) (Boehning et al., 2018; Boija et al., 2018; Cho et al., 2018; Chong et al., 2018; Sabari et al., 2018) . Noteworthy, FUS was previously reported to interact with the CTD of RNA Pol II (Schwartz et al., 2012) and was identified in transcription-dependent granules together with RNA Pol II (Thompson et al., 2018) . Moreover, the N-terminal domain of FUS, which was identified as the transcriptional activator in FUS-CHOP and FUS-ERG fusion proteins in liposarcoma and myeloid sarcoma respectively (Prasad et al., 1994; Zinszner et al., 1994) , was recently shown to be sufficient to contact the SWI/SNF chromatin remodelling complex (Linden et al., 2019) . Strikingly, protein components of the mediator complex as well as protein subunits of RNAP II detected by mass spectrometry are clearly more abundant under LLPS conditions. Indeed, many of these proteins were exclusively detected in the LLPS condition while they were completely absent under non-LLPS conditions ( Supplementary Fig. 6 ). In addition, components of the mammalian pre-mRNA 3' end processing factor CFIm (composed of NUDT21 (also CPSF5), CPSF6 and CPSF7) which were linked to chromatin remodelling (Yu et al., 2018) , are much stronger enriched together with LLPS FUS compared to non-LLPS FUS, while in contrast, the other members of the 3'-end processing machinery are slightly higher enriched under non-LLPS conditions ( Supplementary Fig. 7 ). In line with the idea that phase separation of FUS plays an important role in FUS chromatin-associated function(s), we show that FUS requires LLPS to efficiently bind to chromatin. Consistently, LLPS deficient FUS mostly dissociates from chromatin and partially re-localizes to the cytoplasm. Most likely, LLPS FUS binds to chromatin in a transcription-dependent manner, since previous studies reported re-localization of FUS to the cytoplasm upon transcription inhibition (Patel et al., 2015; Zinszner et al., 1994) and FUS was found in transcription-dependent granules together with RNA Pol II (Thompson et al., 2018) . Our data provides further evidence that LLPS is the driving force for FUS binding to chromatin and the cytoplasmic relocalisation of LLPS deficient FUS, as a consequence of losing its nuclear tether, is consistent with recent data , which suggests that FUS leaves the nucleus predominantly through passive diffusion In addition, we show that LLPS of FUS is required for FUS autoregulation, indicating that during transcription FUS is recruited through LLPS to the FUS gene to regulate its own expression. Nonetheless, LLPS is not required to promote splicing of the minor intron containing SCN4A reporter gene. On the one hand, this is might be explained by our observation that FUS binds to factors involved in splicing preferentially under non-LLPS conditions. On the other hand, the intron of the SCN4A minigene is most likely spliced after transcription termination. Indeed, minor introns are typically spliced slower post-transcriptionally compared to their major counterparts (Patel et al., 2002; Singh and Padgett, 2009; Younis et al., 2013) . Consequently, FUS and the minor spliceosome probably bind to the SCN4A pre-mRNA after transcription termination in a non-LLPS state. Of note, it has recently been shown that TDP-43, another protein of the hnRNP family that undergoes LLPS, does to require phase separation to perform its function in pre-mRNA splicing (Schmidt et al., 2019) . This is in line with studies which performed in vitro splicing assays in dependence on FUS or TDP-43, respectively (Deshaies et al., 2018; Meissner et al., 2003) . Both studies used HeLa nuclear extracts where nuclear components are highly diluted (compared to the in vivo context) and thus phase separation of either FUS or TDP-43 very unlikely. Nonetheless, both proteins function in splicing in the in vitro context. Altogether, these findings strongly indicate that LLPS is not required for the function of neither FUS nor TDP-43 in pre-mRNA splicing.
Besides providing evidence for the importance of FUS LLPS for FUS nuclear function in autoregulation, our data suggests that LLPS and aggregation of FUS are not required for FUS toxicity on mitochondria. Of note, recent ALS-FUS mouse models, including the FUSDelta14 mouse that express cytoplasmic Fus from the endogenous mouse locus or at endogenous levels, consistently showed motor neuron degeneration in the absence of FUS aggregation. Indeed, all of these studies failed to detect cytoplasmic FUS inclusion bodies which are observed in human tissue (Devoy et al., 2017; Scekic-Zahirovic et al., 2016; Sharma et al., 2016) . Although toxicity of cytoplasmic FUS aggregates cannot be excluded at this point, these findings strongly indicate that increased cytoplasmic concentrations of FUS are sufficient for having deleterious effects, leading to motor neuron death. Moreover, our data suggests that FUS LLPS is not necessary for the toxic effects of cytoplasmic FUS. It is therefore tempting to speculate that the formation of insoluble cytoplasmic FUS inclusions could be a mechanism how cells get rid of increasing amounts of cytoplasmic FUS. Namely through local concentration of FUS, leading to FUS LLPS and subsequent recruitment to SGs, followed by precipitation through a liquid-tosolid state transition. Thereby, cells might prevent (or reduce) deleterious effects, reducing the amount of soluble (toxic) FUS in the cytoplasm. Of note, this is not a new concept in the field of neurodegeneration: similarly, amyloid plaques in Alzheimer's disease have been proposed to buffer toxic soluble amyloid-beta species (Brody et al., 2017) . While it remains to be seen if LLPS and aggregation are dispensable for cytoplasmic FUS toxicity in vivo, our data provides evidence that LLPS is indeed the precursor of insoluble FUS aggregates, as LLPS deficient FUS is clearly more soluble than LLPS competent FUS when overexpressed in HEK293T cells. This indicates that similar to in vitro studies (Patel et al., 2015) , also in vivo LLPS is a prerequisite for liquid-to-solid state transition of FUS leading to the formation of insoluble FUS aggregates. Additionally, LLPS deficient FUS does not localize to oxidative or osmotic stress induced stress granules and even, at least partially, inhibits stress granule formation, while LLPS competent FUS robustly localizes to stress granules.
To conclude, we present a method which allows to identify LLPS-specific protein and RNA interactors of a protein of interest which should be applicable to other proteins undergoing LLPS. We find that LLPS alters and expands the protein and RNA interactome of FUS. In the nucleus, LLPS is important for anchoring FUS to the chromatin and proper nuclear localization at steady state and favoring interactions with the chromatin remodeling and DNA damage repair machineries. Furthermore, our data suggest that LLPS in the cytoplasm is not a prerequisite for FUS to exert its toxicity.
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Methods
Oligonucleotides, Plasmids, Antibodies
Oligonucleotides, plasmids and antibodies are described in the Supplementary Information.
Cell culture
HeLa and HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10 % fetal calf serum (FCS), penicillin (100 U/µl) and streptomycin (100 µg/ml)) at 37 °C and 5 % CO 2 . Cells were transfected using Dogtor (OZ Biosciences) for all experiments except for cytoplasmic/mitochondrial (membrane), soluble/insoluble fractionation experiments and transfections of HEK293T cells prior to stress followed by immunofluorescence. For these experiments, cells were transfected using TransIT-LT1 (Mirus).
Generation of cell lysates for droplet purification and eGFP co-immunoprecipitation
30 µg plasmid coding for eGFP-GSG15-FUS or 15 µg plasmid coding for FLAG-eGFP, respectively were transiently transfected into 40-50 % confluent HEK293T cells in a T300 flask using Dogtor according to the manufacturer's instructions. The medium was replaced 24 h after transfection. 48 h after transfection, the cells were harvested by flushing with ice cold medium. Cells were pelleted at 4 °C at 200 g for 5 min. After removal of the supernatant, the cells were washed with ice cold PBS. Thereafter, cells were pelleted at 4 °C for 3 min at 1'500 g. PBS was removed and the cells were snap frozen in liquid nitrogen and stored at -80 °C until usage. The pellet was thawed on ice and re-suspended in 400 µl lysis buffer (75 mM HEPES pH7.3, 100 mM KOAc, 0.5 mM DTT, 0.5 % NP40, 1:5'000 Antifoam B, 10 µl/ml lysis buffer protease inhibitor, 10 µl/ml lysis buffer RNase inhibitor) and transferred to a 1.5 ml Eppendorf tube. To increase lysis efficiency, the cells were passed 5 x through a 25G 5/8 needle. The lysate was subsequently used to isolate FUS droplets or to perform an eGFP co-immunoprecipitation.
Purification of FUS-containing droplets
To increase the formation of LLPS FUS droplets, the volume of the lysate was reduced to approximately half of the initial volume in a speedvac. To reduce time in the speedvac, samples were split into several smaller samples of approx. 150 µl. To monitor droplet formation, a drop of the lysate was placed on a standard microscopy glass slide, covered with a coverslip and FUS droplets were visualized using a fluorescence microscope. Subsequently, 30 µl concentrated lysate were transferred to a new 1.5 ml Eppendorf tube and droplets were stabilized by adding 0.3 µl 10 % formaldehyde (final conc. 0.1 %). The lysate was mixed by vortexing and incubated for 8 min at room temperature. Remaining crosslinker was quenched through the addition of 1 µl 1 M TRIS pH7.3 and vortexing. The sample was thereafter stored on ice until droplets were sorted by fluorescence activated particle sorting (FAPS). Right before sorting, 300 µl PBS was added to the lysate and the sample was passed through a 40 µm cell strainer (to get rid of aggregates which could clog the sorter). Droplets were sorted into PBS according to eGFP-fluorescence and side scatter (SSC) on a FACS ARIA (BD Biosciences). Sorted droplets were stored at -80 °C until further processing. Before protein or RNA isolation, the droplets were pelleted by centrifugation at 4 °C at 16'000 g for 15 min. The droplet-pellet was washed with 1 ml PBS. The wash was repeated one more time. Between washes, the droplets were centrifuged for 15 min 4 °C at 16'000 g. After removal of the PBS, 150'000 droplets (sorted events) were either re-suspended in 50 µl 1X LDS-loading buffer (NuPAGE™ LDS Sample Buffer (4X) (NP0007, Thermo Fisher) diluted to 1X supplemented with 50 mM DTT) for protein elution or in 50 µl RNA-sample buffer (50 mM TRIS pH7.0, 5 mM EDTA, 1 % SDS, 10 mM DTT) for subsequent RNA isolation.
eGFP Nanobodies and coupling to magnetic beads
Plasmids encoding for His-tagged anti-GFP nanobodies (clones LaG-9, LaG-16 and LaG-24) were obtained under the MTA from Michael P Rout laboratory (Rockefeller University, New York, USA). All three constructs were expressed in ArticExpress (DE3) cells (Agilent) and purified using Ni-NTA resin as described (Fridy et al., 2014) . Purified anti-GFP nanobodies were coupled to magnetic beads (Dynabeads M-270 Epoxy, Invitrogen) accordingly to manufacturer's instruction. The coupling mixture contained 20 μg of purified nanobody per 1 mg of beads. The coupling reaction was carried out (separately for each clone) with rotation, at 37°C for 20 hours. Anti-GFP nanobodies coupled to magnetic beads were re-suspended in 50% glycerol/PBS (2 mL per 300 mg beads) and stored at -20°C. In order to increase GFP binding efficiency, beads coupled to 3 different clones were mixed together in 1:1:1 ratio. eGFP co-immunoprecipitation 20 µl GFP nanobodies coupled to magnetic beads were transferred to 1 ml lysis buffer (75 mM HEPES pH7.3, 100 mM KOAc, 0.5 mM DTT, 0.5 % NP40, 1:5'000 Antifoam B, 10 µl/ml lysis buffer protease inhibitor, 10 µl/ml lysis buffer RNase inhibitor). Lysis buffer was removed and washed again with another ml lysis buffer. After removal of the lysis buffer, the beads were re-suspended in 100 µl lysis buffer and added to 400 µl previously prepared cell lysate. The beads were incubated for 3 h at 4 °C head over tail on a rotor. Thereafter, the supernatant was removed and the beads were washed 5 x 5 min in 1 ml of 2 x lysis buffer at 4 °C head over tail on a rotor. The first wash step contained protease and RNase inhibitors. After the last wash step, the beads were splitted in two parts and either resuspended in 1 ml TRIZOL for RNA isolation or 50 µl 1X LDS-loading buffer for protein elution.
Mass spectrometry
The formaldehyde crosslink was reversed / eGFP-fusion proteins were eluted from the beads by boiling the samples for 15 min at 95 °C in LDS-loading buffer. Cell lysates mixed with equal volumes of 2X LDSloading buffer and boiled for 15 min at 95 °C served as input samples. To prepare the samples (each experimental condition in biological triplicates) for mass spectrometry, samples were run 1 cm into a 12 % Bis-Tris Plus gel (Invitrogen). 150'000 droplets (sorted events) and 3/5 of the eGFP co-IP, respectively were loaded. The gel was subsequently washed 5 x 5 min in ulatapure water, 10 min in 0.1 M HCl and Coomassie stained for 2 h (0.12 % (w/v) Coomassie G-250, 10 % H 3 PO 4 (v/v), 10 % (w/v) NH 4 OAc, 20 % MeOH (v/v)) to visualize proteins. The gel was de-stained for 8 x 30 min in ultrapure water. To prepare gel pieces for mass spectrometry, the gel was cut, using a clean scalpel, into approx. 0.25 cm horizontal bands. The bands were further cut into cubes of approx. 1-3 mm 3 and transferred to a 1.5 ml Eppendorf tube. Samples were stored at 4 °C in 20 % EtOH before reduction and alkylation. Samples were analyzed in a random order to avoid chromatographic batch effects. The gel pieces were reduced, alkylated and digested by trypsin as described elsewhere (Gunasekera et al., 2012) . The digests were analyzed by nano-liquid chromatography tandem masspectrometry (nLC-MS/MS) (EasyLC 1000 nanoflow-UPLC coupled to a QExactive HF mass spectrometer, ThermoFisher Scientific) with one injection of 5 μl digests. Peptides were trapped on a Precolumn (C18 PepMap100, 5 μm, 100 Å, 300 μm × 5 mm, Thermo Fisher Scientific, Reinach, Switzerland) and separated by backflush on a C18 column (3 μm, 100 Å, 75 μm × 15 cm, C18, Nikkyo Technos, Tokyo, Japan) by applying a 40-minute gradient of 5 % acetonitrile to 40 % in water, 0.1 % formic acid, at a flow rate of 350 nl/min. The Full Scan method was set with resolution at 60,000 with an automatic gain control (AGC) target of 1E06 and maximum ion injection time of 50 ms. The data-dependent method for precursor ion fragmentation was applied with the following settings: resolution 15,000, AGC of 1E05, maximum ion time of 110 milliseconds, isolation width of 1.6 m/z, collision energy 27, under fill ratio 1 %, charge exclusion of unassigned and 1+ ions, and peptide match preferred, respectively. Spectra interpretation was performed with MaxQuant/Andromeda version 1.5.4.1 searching against the forward and reversed SwissProt Homo Sapiens protein database (Release 2017_12) using fixed modification of carbamidomethylation on Cys, and variable modifications of oxidation on Met, deamidation on Asn /Gln, and acetylation on protein N-term. Mass error tolerance for parent ions was set to 10 ppm, fragment ion tolerance to 20 ppm, and full trypsin cleavage specificity with 3 missed cleavages were allowed. Based on reversed database matches a 1 % false discovery rate (FDR) was set for acceptance of peptide spectrum matches (PSM), peptides, and proteins. Relative protein abundance was calculated as described elsewhere (Krey et al., 2014) . In brief, contaminant proteins such as keratins and trypsin were removed and the remaining protein's iBAQ values were each divided by the sum of all non-contaminant iBAQ values. Relative iBAQ values were used to determine fold changes and pvalues using student's t-test and adjusted p-values (FDR) between experimental conditions. To be assigned to the LLPS interactome of FUS, proteins purified from FUS droplets had to be enriched > 2fold compared to the input with a FDR < 0.05. To be assigned to the non-LLPS interactome, proteins co-IPed with FUS had to be enriched > 2-fold compared to the input as well as to the control IP (FLAG-eGFP), with a FDR < 0.05 for both.
RNA isolation and RNA deep sequencing
To isolate RNA from the droplets, the formaldehyde crosslink was reversed through incubation of the droplets in RNA-sample buffer (50 mM TRIS pH7.0, 5 mM EDTA, 1 % SDS, 10 mM DTT) for 40 min at 70 °C. After cooling of the sample on ice for 5 min, 1 ml TRIZOL was added. RNA was isolated from TRIZOL according to the manufacturer's instructions. Quality and quality of RNA was analyzed with an Agilent 2100 Bioanalyzer (Agilent Technologies). Total RNA isolated from transiently transfected cells served as input RNA. Total RNA isolated from droplets, from the co-IP and input RNA (in biological triplicates for each sample) were ribodepleted using the RiboMinus™ Transcriptome Isolation Kit (Invitrogen, K155004) before library preparation according to the manufacturer's manual. Libraries were prepared using the strand-specific Illumina TruSeq Stranded Total RNA kit (Part # 15031048 Rev. E). Total RNA libraries were sequenced on the Illumina HiSeQ3000 platform using 100 bp single-end sequencing cycles. Adapters and low quality bases were trimmed from reads using TrimGalore v0.4.4 (Krueger, 2015; Martin, 2011) . Reads were then mapped using Salmon v0.8.2 (Patro et al., 2017) to the human cDNA and non-coding RNA transcriptome, ENSEMBL version 38.90. Transcripts per million (TPM) were imported into R using tximport v1.4.0 (Soneson et al., 2015) , and differential gene expression analysis performed using edgeR v3.18.1 (Robinson et al., 2010) . Transcript lengths were included as an offset in modelling, and transcript length scaled TPMs were used for calculating average log2(TPM). RNAs with > 2-fold change to the input with a FDR < 0.001 were considered as significantly enriched over the input. To assess relative abundances of different RNA biotypes, several ENSEMBL gene biotypes were summarized in groups (pseudogenes include: "transcribed_unitary_pseudogene", "unprocessed_pseudogene", "processed_pseudogene", "transcribed_unprocessed_pseudogene", "polymorphic_pseudogene", "transcribed_processed_pseudogene", "IG_V_pseudogene", "unitary_pseudogene", "TR_V_pseudogene", "TR_J_pseudogene", "IG_C_pseudogene", "IG_J_pseudogene", "translated_processed_pseudogene", "pseudogene", "IG_pseudogene". lncRNAs include:
"antisense_RNA", "lincRNA", "sense_intronic", "sense_overlapping", "bidirectional_promoter_lncRNA", "3prime_overlapping_ncRNA", "macro_lncRNA". other_ncRNA include: "processed_transcript", "misc_RNA", "ribozyme", "sRNA", "non_coding". other include: "TR_V_gene", "IG_V_gene", "IG_C_gene", "IG_J_gene", "TR_J_gene", "TR_C_gene", "IG_D_gene" "TR_D_gene". 7SL and 7SK genes were excluded from the above groups to form each a separate group.
STRING and Gene ontology (GO) enrichment analysis
STRING (Szklarczyk et al., 2015) analysis was performed using the multi protein search function using default options. The "confidence" option was chosen to indicate strength of data support for each interaction. In addition, GO terms indicated in the figure legends were highlighted. GO term analysis was performed using the WEB-based GEne SeT AnaLysis Toolkit (WebGestalt) (Liao et al., 2019) using default settings with the following options: Organism of Interest: Homo sapiens; Method of Interest: Over-Representation Analysis (ORA); Functional Database: geneontology, Biological Process noRedundant. For GO term analysis of genes identified by mass spectrometry, the Reference Set "genome protein-coding" was used. For GO term analysis of genes identified by RNAseq, the Reference Set "genome" was used.
Flow cytometry to analyze formation of FUS-droplets
To analyze FUS droplets by flow cytometry, FUS droplets were prepared as described above. Droplets were analyzed on a LSR II SORP H274 [BD Biosciences] and generated data was processed using FlowJo version 10.
Cytoplasmic vs mitochondrial (membrane) and soluble vs insoluble fractionations
60-80 % confluent HEK293T cells in T25 flasks were harvested using Trypsin/EDTA and washed once with ice cold PBS. The cells were split in two parts. One part was lysed in RIPA buffer (Thermo Fisher, 89900) containing 1X Halt™ Protease Inhibitor Cocktail (Thermo Fisher, 78429) for 20 min on ice with occasional vortexing. Samples were centrifuged for 15 min at 16'000 g at 4 °C and the supernatant was subsequently mixed with equal volumes of 2X LDS-loading buffer (NuPAGE™ LDS Sample Buffer (4X) (NP0007, Thermo Fisher) diluted to 2X supplemented with 100 mM DTT) and boiled for 5 min at 95 °C (soluble fraction). The insoluble pellet was washed twice with PBS and thereafter incubated in isoluble buffer (50 mM Tris pH7.5, 200 mM NaCl, 2 mM KCl, 1 mM EDTA, 0.5 % Glycerol, 100 mM Urea, 1X Halt™ Protease Inhibitor Cocktail) for 1 h at 37 °C at 1,400 rpm. The sample was centrifuged for 5 min at 16,000 g and the supernatant was subsequently mixed with equal volumes of 2X LDS-loading buffer and boiled for 5 min at 95 °C (insoluble fraction). The other part of the cells was used for cytoplasmic/mitochondrial fractionation according to (Baghirova et al., 2015) with slight modifications: Cells were re-suspended in 400 µl buffer A (150 mM NaCl, HEPES pH7.5, 25 µg/ml Digitonin (Sigma Aldrich, D141), 1 M Hexylene glycol (Sigma Aldrich, 112100), 1X Halt™ Protease Inhibitor Cocktail) and incubated for 10 min at 4 °C head over tail on a rotor. Samples were centrifuged for 10 min at 2,000 g at 4 °C and the supernatant (cytoplasmic fraction) was transferred to a new 2 ml Eppendorf tube. The pellet was subsequently washed 2 x with buffer A (5 min 2,000 g centrifugation steps between washes discarding the supernatant). Thereafter, the pellet was re-suspended in buffer B (150 mM NaCl, HEPES pH7.5, 1 % (v/v) NP-40, 1 M Hexylene glycol, 1X Halt™ Protease Inhibitor Cocktail) and incubated for 30 min on ice. Samples were centrifuged for 10 min at 7,000 g at 4 °C and the supernatant (mitochondrial fraction) was transferred to a new 2 ml Eppendorf tube. To concentrate the samples, proteins were precipitated with 4x volumes of acetone for 1 h at -20 °C and centrifugation for 1 h at 16,000 g at 4 °C. Protein pellets were re-suspended in 50 µl 1X LDS-loading buffer and boiled for 5 min at 95 °C.
Cytoplasmic/nucleoplasmic vs chromatin fractionation
40-60 % confluent HEK293T cells on 10 cm plates were transfected with 3 µg expression construct (FLAG-FUS, FLAG-FUS PLD27YS or FLAG-FUS PLD27YS SV40NLS respectively) using Dogtor (OZ Biosciences) according to the manufacturer's instructions. The medium was changed 24 h after transfection and cells were harvested 48 h after transfection using a cell scraper. Cells were transferred to a 15 ml Falcon tube and spun for 5 min at 200 g at 4 °C. After removal of the supernatant, cells were washed with 1 ml ice-cold PBS and transferred to a 1.5 ml Eppendorf tubed and pelleted for 3 min at 300 g at 4 °C. Cells were re-suspended in 1 ml buffer A (10 mM HEPES pH7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10 % glycerol, 0.1 % Triton-X-100, 1 mM DTT and 1X Halt™ Protease Inhibitor Cocktail) and incubated for 5 min on ice. The suspension was centrifuged for 4 min at 1'300 g at 4 °C and the supernatant (cytoplasmic fraction) was transferred to a new Eppendorf tube. The pellet was washed once with buffer A. Thereafter, the pellet was re-suspended in 1 ml buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT and 1X Halt™ Protease Inhibitor Cocktail) and incubated for 5 min on ice. The suspension was centrifuged for 4 min at 1'700 g at 4 °C and the supernatant (nucleoplasmic fraction) was combined with the cytoplasmic fraction (forming the cytoplasmic/nucleoplasmic fraction). The pellet was washed once with buffer B. Then, the pellet was re-suspended in 1 ml buffer C (50 mM Tris pH7.5, 200 mM NaCl, 2 mM KCl, 1 mM EDTA, 0.5 % glycerol, 100 mM Urea and 1X Halt™ Protease Inhibitor Cocktail) and incubated in a heat block for 1 h at 37 °C at 1'400 rpm. After centrifugation for 5 min at 16'000 g, the supernatant (chromatin associated proteins) was transferred to a new Eppendorf tube. The pellet was subsequently washed with ultrapure water and buffer D (1 mM MgCl 2 , 1 mM CaCl 2 , 1X Halt™ Protease Inhibitor Cocktail). The pellet was then re-suspended in 884 µl buffer E (50 mM TRIS pH8.0, 10 mM NaCl, 1 mM MnSO 4 , 0.25 U/ml Cyanase (18542, Serva) and 1X Halt™ Protease Inhibitor Cocktail) and incubated for 15 min at 30 °C at 600 rpm. Thereafter, NaCl was increased to 600 mM through addition of 116 µl of 5 M NaCl. The samples was incubated for another 15 min at 37 °C at 1'400 rpm. After centrifugation for 5 min at 16'000 g, the supernatant (chromatin) was combined with the chromatin associated fraction (forming chromatin fraction). Fractions were supplemented with equal amounts of 2X LDS-loading buffer and boiled for 5 min at 95 °C.
Immunofluorescence
HEK293T cells were grown on poly-D-lysine (Sigma Aldrich, A-003-E) coated 8-well slides (PEZGS0816, Milipore) for immunostaining experiments. HeLa cells were grown in uncoated 8-well slides. Cells were fixed for 20 minutes in 4 % PFA in PBS and subsequently washed 3 x with PBS. For permeabilization and blocking, cells were incubated for 45 minutes in 0.5 % Triton, 6 % BSA in TBS at room temperature. Primary antibodies were diluted in 0.1 % Triton, 6 % BSA in TBS (TBS +/+) and added to the cells overnight at 4 °C. Thereafter, cells were washed 3 x with TBS +/+ and incubated for 1 h at room temperature with secondary antibodies diluted in TBS +/+. Cells were counterstained with DAPI (100 ng/ml in PBS) for 10 min at room temperature. After two additional wash steps in PBS, cells were mounted with Vecashield Hardset mounting medium (H-1400, Vector Laboratories). If indicated, cells were stressed prior to fixation. Arsenic stress: 0.5 mM Sodium(meta)arsenite (NaAsO 2 ) (S7400, Sigma Aldrich) for 1 h. Sorbitol stress: 0.4 M D-Sorbitol (S1876, Sigma Aldrich). Slides were analyzed using a Leica DMI6000 B microscope or a non-confocal Ti-E epifluorescence microscope, Nikon.
Immunoblotting
Proteins from spinal cord of 9 month old wild type and heterozygous Δ14 mice were generated as previously described (Devoy et al., 2017) . Protein lysates in LDS-loading buffer were separated on a NuPAGE 4-12% Bis Tris Midi Gel (WG1403A or WG1402BOX, Thermo Fisher) and transferred on a nitrocellulose membrane using the iBlot Gel Transfer System (Thermo Fisher) according to the manufacturer's instructions. For analysis of SMRACA4 and SMARCA5, proteins were separated on a NuPAGE™ 3-8% Tris-Acetate Protein Gel (EA0375BOX, Thermo Fisher) and transferred on a nitrocellulose membrane using the iBlot™ 2 Gel Transfer Device (Thermo Fisher). Membranes were blocked in 2 % BSA in in 0.1% Tween in Tris-buffered saline (TBST). Membranes were incubated with primary antibodies diluted in TBST for 2 h at room temperature. After 5 x 5 min wash steps in TBST, membranes were incubated with secondary antibodies in TBST for 1 h at room temperature. For immunodetection of SMARCA4 and SMARCA5, the SuperSignal™ Western Blot Enhancer kit (46640, Thermo Fisher) was used according to the manufacturer's instructions. To measure total protein levels from spinal cord lysates of mice, the REVERT™ Total Protein Stain Kit (926-11015, LI-COR) was used according to the manufacturer's instructions. The washed membranes were analyzed and signal intensity was determined (if required for the respective experiment) using the Odyssey Infrared Imaging System (LI-COR). Statistical significance of immunoblotting results was determined by paired t-test.
FUS autoregulation and SCN4A minigene reporter assay
To assess FUS autoregulation, 80 % confluent HeLa cells in 6wells were transfected with either 500 ng mock plasmid (control condition), pcDNA6F-FUS, pcDNA6F-FUS PLD27YS or pcDNA6F-FUS PLD27YS SV40NLS respectively. 24 h after transfection, cells were split into two 6wells. 72 h after transfection, cells were harvested (1 well into TRIZOL for RNA isolation, 1 well into 100 µl RIPA buffer containing 1X Halt™ Protease Inhibitor Cocktail. Before subsequent western blotting, the lysate incubated for 20 min on ice, spun for 15 min at 4 °C at 16'000 g and the supernatant was subsequently transferred to a new Eppendorf tube containing equal amount of 2X LDS-loading buffer and boiled for 5 min at 95 °C.
For the SCN4A minigene reporter assay, 80 % confluent HeLa cells in 6wells were transfected with 500 ng pSUPuro-scr or pSUPuro FUS for the CTR knockdown or the FUS knockdown, respectively. For the rescue condition, each 500 ng additional pcDNA6F-FUS, pcDNA6F-FUS PLD27YS or pcDNA6F-FUS PLD27YS SV40NLS were transfected. 24 h after transfection, the cells were split into two 6 wells and selection for the pSUPuro plasmids was started using 2 µg/ml Puromycin (CAS 58-58-2, Santa Cruz). Selection was maintained for 36 h. Cells were harvested 72 h after transfection as above (one well for RNA isolation, one well for western blotting).
RT-qPCR
RNA was isolated from cells using TRIZOL (TRI Reagent™ Solution, AM9738, Thermo Fisher) supplemented with 1:100 β-Mercaptoethanol (A1108, PanReac Applichem) according to the manufacturer's instructions. RNA for the SCN4A reporter assay was DNase treated using the TURBO DNA-free™ Kit (AM1907, Thermo Fisher) prior to cDNA synthesis according to the manufacturer's instructions. RNA quantity was determined using the NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher). cDNA was generated from 1 µg RNA using the AffinityScript Multiple Temperature cDNA Synthesis Kit (00436, Agilent Technologies) according to the manufacturer's instructions using random hexamer primers (150 ng/µl) (Sigma Aldrich). To confirm successful DNase treatment, a control reaction omitting the reverse transcription enzyme was prepared. The cDNA was diluted to a RNA concentration of 8 ng/µl. qPCR was performed using the Takyon No ROX SYBR 2X MasterMix blue dTTP (UF-NSMT-B0701, Eurogentec) with a final MgCl 2 concentration of 4 mM. Samples were measured in duplicates: 3 µl of cDNA were amplified in a total volume of 15 µl containing each 600 nM forward and reverse primer using the Rotor-Gene Q 2plex Platform (Quiagen) with the following cycling parameters: 5 min 95 °C (initial denaturation), 20 secs 60 °C, 5 secs 95 °C (40 cycles). After cycling, a melting curve was recorded from 65 °C to 95 °C rising by 1 °C each step. Analysis was performed as described previously (Metze et al., 2013) . Statistical significance of qPCR results was determined by unequal variances t-test.
RNA FISH combined with immunofluorescence
HeLa cells were grown to 80% confluency in 6-well plates and transfected with 1 μg of the FUS expression constructs. The next day, 40,000 transfected cells were re-seeded into 8-well slides (Merck, PEZGS0816) and incubated overnight. FISH / IF was essentially performed as described in (Reber et al., 2016) . In brief, the cells were fixed with 4% PFA for 15 minutes, permeabilized in 70% Ethanol at 4°C for 48 hours and blocked with blocking buffer (1% BSA (A7030, Sigma Aldrich) in PBS, supplemented with 2 mM Ribonucleoside Vanadyl Complexes (R3380, Sigma Aldrich). Antibodies were diluted in blocking buffer and incubated at room temperature for 1 hour (primary) and 2 hours (secondary), respectively. Subsequently, antibody complexes were cross-linked to their targets using 4 % PFA for 5 minutes. Following equilibration in 2x SSC (300 mM NaCl, 30 mM sodium citrate pH 7.0), and incubation in pre-hybridization buffer (15% Formamide (17899, Thermo Scientific), 10 mM sodium phosphate, 2 mM RVC in 2x SSC, pH 7.0) at 42°C for 10 minutes, 6-FAM azide labelled antisense probes were diluted to 0.5 ng/μl in hybridization buffer (15% Formamide, 10 mM sodium phosphate, 10% dextran sulfate (S4030, Merck), 0.2% BSA, 0.5 μg/μl E.coli tRNA, 0.5 μg/μl salmon sperm DNA (15632011, Invitrogen), 2 mM RVC in 2x SSC, pH 7.0) and hybridized to their targets over night at 42°C. The next day, unbound probes were removed by washing two times 30 minutes with pre-hybridization buffer and three times 10 minutes in high stringency wash solution (20 % Formamide, 2 mM RVC in 0.05 x SSC, pH 7.0). Then, the cells were washed three times with 2x SSC before mounting with aqueous Vectashield mounting medium containing DAPI (H-1200, Vectorlabs).
Silver staining
Proteins in LDS-loading buffer were separated on a NuPAGE 4-12% Bis Tris Midi Gel (WG1403A, Thermo Fisher) or on a Bolt™ 4-12% Bis-Tris Plus Gel (NW04120BOX, Thermo Fisher). The gel was incubated for 2 h at room temperature in fixing solution (50 % MeOH, 12 % HAc, 0.05 % formalin). The gel was subsequently washed 3 x 20 min at room temperature in 35 % EtOH. Thereafter, the gel was sensitized in 0.02 % Na 2 S 2 O 3 for 2 min, washed 3 x 5 min in ultrapure water and incubated for 20 min at room temperature in silver staining solution (0.2 % AgNO 3 , 0.076 % formalin). Then, the gel was washed 2 x 1 min in ultrapure water and developed in developing solution (6 % Na 2 CO 3 , 0.05 % formalin, 0.0004 % Na 2 S 2 O 3 ). Upon desired band intensities, the reaction was stopped by replacing developing solution with stop solution (50 % MeOH, 12 % HAc) and incubating for 5 min.
